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Abstract: The injection of carbon dioxide (CO2) captured from combustion-based processes 
into underground formations is one of a number of plausible methods to reduce its release 
into the atmosphere and consequential greenhouse gas warming. Once the gas has been 
captured efficiently and effectively, depleted oil and gas reservoirs are seen as high potential 
candidates for carbon storage projects. However, legacy issues associated with a high number 
of oil and gas wells abandoned during the last few decades put the carbon capture and storage 
projects (CCS) at risk. These include any defects within the cement surrounding the well 
casing or for capping an abandoned well that can become unwanted CO2 leakage pathways. 
To predict the lifespan of these cements due to exposure to CO2-bearing fluids at the 
conditions found underground, the geochemical processes need to be coupled with the 
geomechanical changes within the cement matrix. In a viable CCS project for sequestering 
CO2, the cement matrix should be capable of withstanding acidic environments formed by 
dissolution of CO2 in brine for more than ten thousand years. This work aims at providing a 
framework to predict the behaviour of cement due to CO2 exposure under reservoir 
conditions. The results show that the chemical reactions and geomechanical changes within 
the cement matrix can result either in its radial cracking or radial compaction. Both of these 
behaviours are investigated as possible phenomena which may affect the CO2 leakage, and 
therefore the viability of the site for long term carbon storage. 
Keywords: Well cement; CO2 leakage; carbon capture and storage; cement alteration, cement 
lifespan 
Graphical Abstract: 
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1 Introduction 
The average global temperature is increasing due to the emission of anthropogenic 
greenhouse gases (Stocker et al., 2013). Carbon dioxide accounts for between 9-26% of the 
greenhouse gases (GHG) emission (Kiehl and Trenberth, 1997). One of the feasible strategies 
for decreasing the level of CO2 in the atmosphere is to capture it at source, such as from power 
station flames and store it in underground formations. Depleted oil and gas reservoirs are 
potential candidates for CCS projects (Onoja and Shariatipour, 2018; Watson and Bachu, 2007). 
These types of underground formations are preferred because their structures have been well-
characterised over different periods of the reservoir’s life cycle.  
These reservoirs are usually drilled extensively, and oil well cement has been used as a 
well lining or as a well plug once the well has been abandoned. One major problem is the high 
number of abandoned wells within these oil and gas reservoir, should the cement be a source 
of carbon dioxide leakage. For example, it is estimated that some 400,000 abandoned wells are 
located in the Alberta Basin in Canada, and more than one million are in Texas, USA (Celia et 
al., 2006). In Australia, this number is close to 10,000 (Davies et al., 2014). On the whole, from 
1859 to 1994, around 3.2 million wells have been drilled in the USA of which 2.4 million have 
been left dry, inactive, or abandoned (Calvert et al., 1994). These types of oil and gas wells were 
generally cemented during the last century, but in some cases without compliance with the 
current standards. In fact, there was no universal regulatory system to control the quality of 
the cementing method. 
Any defects within the rock-cement-casing assemblage could become a potential leakage 
path. Numerous experiments have been conducted to characterise different CO2 leakage 
pathways, with a number of specific areas being cited, including the gap between the 
surrounding rock and the cement well sheath (Mason et al., 2013; Walsh et al., 2014a), the gap 
between the casing and the cement sheath (Bachu and Bennion, 2009; Carey et al., 2010), cracks 
within the cement sheath itself (Bachu and Bennion, 2009; Deremble et al., 2011; Huerta et al., 
2013; Rimmelé et al., 2008), and percolation through the cement matrix (Barlet-Gouédard et al., 
2009, 2007; Huerta et al., 2013; Rimmelé et al., 2008). In this paper, the term cement matrix is 
used interchangeably with cement sheath. 
When CO2 is injected deep into a target reservoir, it moves laterally just beneath the 
caprock before reaching any abandoned well, although there is not always a sudden change 
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from the reservoir formation to the caprock (Newell and Shariatipour, 2016; Onoja et al., 2019; 
Onoja and Shariatipour, 2018; Shariatipour et al., 2014; Seyed Mohammad Shariatipour et al., 
2016). Therefore, sections of the well cement both across the reservoir and in the caprock may 
become exposed to CO2-bearing fluids. CO2 dissolves in brine as a ubiquitous phase within the 
depleted oil and gas reservoirs which results in the formation of carbonic acid. In the vicinity 
of the abandoned wells, the velocity of CO2-bearing fluids is quite slow, therefore static 
conditions can be assumed (Brunet et al., 2016; Huerta et al., 2016; Huet et al., 2010; Shen et al., 
2013). CO2-bearing fluids penetrate through the cement matrix due to diffusion and advection 
phenomena (Druckenmiller and Maroto-Valer, 2005; Haghi et al., 2017). This penetration results 
in the carbonation and the degradation of the cement matrix (Carey et al., 2010; Dijk and 
Berkowitz, 1999; Duguid and Scherer, 2010; Huet et al., 2010; Kutchko et al., 2007; Mainguy and 
Ulm, 2001; Walsh et al., 2013). Within a cylindrical cement matrix, which covers the steel casing 
of a wellbore, the CO2 penetration results in the formation of a series of concentric zones each 
having differing characteristics (Abdoulghafour et al., 2016; Carey et al., 2007; Carroll et al., 
2016; Corvisier et al., 2013; Duguid et al., 2011; Duguid and Scherer, 2010; Huerta et al., 2009; 
Hyvert et al., 2010; Raoof et al., 2012; Rimmelé et al., 2008). The mechanical properties of the 
altered zones are also changed compared to the unaltered ones (Mason et al., 2013). Generally, 
four main zones are expected to form within the cement matrix due to exposure to the CO2-
bearing fluids, including: an unaltered cement zone, a portlandite dissolution zone, a calcium 
carbonate precipitation zone (in this paper also referred to as the calcite precipitation zone), 
and an amorphous silica gel zone (Bagheri et al., 2018). Within the unaltered zone, generally, 
the pH is greater than 12 (Carey, 2013). In this range of pH, CO32- is the predominant aqueous 
carbon ion. As the penetration of CO2-bearing fluids continue the pH decreases, and the 
portlandite component in the cement matrix begins to dissolve, and at the same time, calcite 
precipitation is also expected (Liaudat et al., 2018). The portlandite dissolution increases the 
cement porosity (Carey, 2013). In the early stages of exposure to CO2-bearing fluids, the rate of 
portlandite dissolution is higher than the calcite precipitation. Beyond this zone and close to 
the cement-brine interface, the calcite precipitation becomes dominant resulting in a reduction 
in the porosity (the process of calcite formation sometimes also referred to as carbonation). The 
calcium leaching from the calcium silicate hydrate (C-S-H) occurs within this zone and close to 
the cement-brine interface (Chen et al., 2004). The geochemical reactions lead to the conversion 
of C-S-H to an amorphous silica gel which leads to the highest porosity compared with other 
zones within the cement matrix (Figure 1). The re-dissolution of calcite within areas adjacent 
to the cement-brine interface also increases the porosity. The so-called degradation occurs close 
to the cement-brine interface which results in a porosity increase (Zhang and Bachu, 2011). 
It was shown that the portlandite dissolution also results in a degradation in mechanical 
strength of the cement, although, in the layers closest to the cement-brine interface, the 
precipitation of the calcite may increase the mechanical strength (Ashraf, 2016; Nakano et al., 
2014). In the immediate neighbourhood of the cement-brine interface, the cement degradation 
significantly contributes to a porosity increase and results in the degradation of mechanical 
strength (Brunet et al., 2013; Duguid and Scherer, 2010; Fabbri et al., 2009; Huerta et al., 2008; 
Kutchko et al., 2007; Lecampion et al., 2011; Walsh et al., 2014b; Zhang et al., 2013).  
The cement sheath, generally, at the high pressure and temperature conditions found 
underground, undergoes geochemical and geomechanical changes. Both these processes may 
lead to the failure of the cement matrix resulting from either the creation of defects within the 
matrix or compaction/precipitation.  The former phenomenon results in the formation of CO2 
leakage pathways, and the latter leads to so-called self-sealing behaviour preventing or slowing 
down the further movement of CO2-bearing fluids into the cement matrix.  
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Figure 1. The porosity profile in a cement matrix exposed to CO2-bearing fluids at 90℃ and 280 bars over 
the period of four days against distance from the cement-brine interface on the left side to the inner parts 
of the cement on the right side (adopted from (Rimmelé et al., 2008)).  
 
Figure 2. A simple illustration of the incurred pressures (or stresses) on the cement sheath, and the two 
main phenomena which may occur in the cement sheath. 
 
Numerous attempts have been made to characterise cement carbonation. Generally, 
cement carbonation is considered as a linear diffusion phenomenon dominated by 𝑑 = 𝑘𝑡0.5, 
where 𝑑 is the depth of carbonation, 𝑡 is time, and 𝑘 is a constant which depends on the water 
saturation, relative humidity, CO2 concentration, cement type, and other surrounding 
conditions (Ashraf, 2016; Phung et al., 2016; Rezagholilou et al., 2017; Šavija and Luković, 2016; 
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Silva et al., 2014; Ta et al., 2016). Nevertheless, the carbonation phenomenon is a complex 
process within the cement matrix followed by the degradation process in the presence of excess 
CO2-bearing fluids. Therefore, a more precise modelling exercise needs the implementation to 
investigate the ongoing reactions within the cement due to CO2-exposure (Barlet-Gouédard et 
al., 2009; Brunet et al., 2013; Kari et al., 2014; Kutchko et al., 2009, 2008, 2007; Liaudat et al., 2018; 
Peter et al., 2008; Zhang, 2016). The harsh conditions found underground, however, require the 
geomechanical changes of the cement to be accounted for.  
The geomechanical integrity of well cements is also investigated at high-pressure and 
high-temperature conditions and for different failure modes identified in the literature (Xu et 
al., 2018; Zhang et al., 2015; Zhang and Wang, 2017). A qualitative measure of the wellbore 
instability based on a linear-elastic analysis using the failure criteria in the extensional and 
compressional regimes is provided by McLean and Addis (1990). Yu et al. (2003) model a more 
complex case by considering the chemical part for investigating the wellbore instability in 
shales. This work was undertaken by adding a solute diffusion to the governing equations to 
account for the fluxes of water and ions into and out of the shale. The integrity of the cement 
sheath was investigated using a thermo-poroelastic analytical approach by Gholami et al. 
(2016). It was shown that the fluid pressure reduction due to the fluid production and non-
uniform stresses around the wellbore results in sand production and the deformation of the 
casing (Gholami et al., 2016b). A three-dimensional modelling of cement failure propagation 
due to the fluid leakage was conducted using a cohesive interface approach (Wang and 
Taleghani, 2014). It was found that large values of cohesive interface strength to a large extent 
can prevent the formation of failure cracks around the wellbore. The integrity of well cements 
under high-pressure conditions was modelled using a constitutive model for the cement sheath 
and a surface-based cohesive behaviour for the interfaces (Arjomand et al., 2018). They 
emphasized the importance of tensile strength and eccentricity which affect the distribution of 
stresses and the cracking index, respectively. Although these works inspect the geomechanical 
alteration of the well cements, they do not consider the effect of geochemical reactions on the 
mechanical properties of the cement matrix. 
In this paper, the geochemical reactions are simulated using  CrunchFlow code which was 
developed by Steefel et al. (2015). The geochemical alteration of the cement matrix is coupled 
with the geomechanical code developed by the authors to predict its lifespan. Overall, the work 
in this paper aims at providing a framework to predict the combined geochemical and 
geomechanical processes which a cement sheath is subjected to, at the conditions found in 
depleted oil and gas reservoirs. This helps in predicting the lifespan of a cement matrix exposed 
to CO2-bearing fluids at a specific depth. 
2 Methodology 
This section illustrates the method which has been used to couple the geochemical 
alteration with the geomechanical processes within the cement matrix. Subsequently, the 
method of applying both the radial cracking and radial compaction phenomena in the 
simulations are represented, as the probable processes which may affect the integrity of the 
cement matrix with time.  
2.1 Coupling the Geochemical Simulation with Geomechanical Simulation 
Figure 3 shows the flowchart developed to simulate simultaneously the effect of 
geochemical and geomechanical changes within the cement matrix. Initially, CrunchFlow 
calculates the geochemical alteration within the cement matrix due to its exposure to CO2-
bearing fluids. The produced profile of porosity and mineral volume fractions are imported 
into the geomechanical simulation section. It is worth noting that the aqueous phase 
composition is assumed to remain unchanged throughout the calculation of the effects of 
geomechanical alteration within the cement matrix in each time step. The imposed stresses on 
the cement matrix result in the geomechanical changes. The cement matrix, in these 
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simulations, is 100% hydrated. This means that the cement matrix is at a stable state with a 
fixed mineral composition prior to being exposed to CO2-bearing fluids. The carbonation 
process leads to the formation of different polymorphs of calcium carbonate affecting the stress 
state, and the stress state itself also impacts upon the crystallisation process. However, this 
process is not investigated here in order to decrease the complexity level governing the 
numerical solutions. 
This geomechanical simulation produces a new profile of porosity and stresses. The 
Drucker-Prager failure criterion is used to predict the cement failure (details in Section 3.4). In 
the next step, the Drucker-Prager failure criterion will be compared to one in each cylindrical 
layer (Figure 5). This comparison reveals which layer is likely to fail. It should be noted that 
the whole cement sheath itself at a particular depth will also have a risk of failure if the overall 
Drucker-Prager failure criterion surpasses one.  
After calculating the geomechanical-geochemical changes of the cement matrix properties, 
including the porosity, the mineral composition, and the chemical composition of the aqueous 
phase, the new produced profile of porosity and mineral volume fractions are imported into 
the CrunchFlow code at the next time step. This simulation progresses to predict the cement 
alteration at the next time step. 
 
Initialisation t=0 Geochemical Simulation Geomechanical 
Simulation
End
Initial pressure
Temperature 
Brine salinity
Cement 
composition
CrunchFlow 
Simulation
Updating 
porosity profile 
at time, t
Calculating the 
profile of 
imposed stresses
Does the cement 
matrix failure 
happen? 
No
Yes
Updating 
porosity profile 
at time, t
Updating the profile 
of mineral volume 
percentage  at time, t
Geomechanical 
calculation
t:t+1
Figure 3. The flowchart for coupling the geochemical simulation with the geomechanical simulation. 
2.2 Processes Governing Alterations in the Cement 
The exposure of the cement matrix to CO2-bearing fluids, at static conditions, activates the 
diffusion as the dominant process (Brunet et al., 2016; Huerta et al., 2016; Huet et al., 2010; Shen 
et al., 2013). The difference in the concentrations of the aqueous phase components within the 
pores of the cement sheath and the surrounding rocks initiates the process. As a consequence 
calcium starts to leach out the cement matrix and the penetration of carbon species into the 
cement matrix increases. It should be noted, however, that the carbonation reactions, i.e., the 
formation of calcite, within the cement matrix are a midway process which decreases the 
porosity and permeability and leads to an increase in the strength of the cement matrix 
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(Wolterbeek et al., 2016a, 2016b). Calculations in this paper verify this with an increase seen in 
the value of the Young’s modulus of the carbonated layers. 
The leaching of the calcium degrades the cement matrix. Typically, the outer layers have 
a high potential to be degraded due to their direct contact with lower-pH fluids. The next inner 
layers are the calcite precipitation zone, the portlandite dissolution zone, and the intact zone, 
respectively. The calcite zone, in between, acts as a barrier layer which limits the further 
penetration of CO2-bearing fluids into the cement matrix.  
If the Drucker-Prager failure criterion of the whole cement sheath becomes larger than 
one, the cement will fail. Otherwise, two states can exist: the first being the failure of the layers 
in which the Drucker-Prager failure criterion is larger than one. The failure can result in the 
formation of cracks within these layers. This phenomenon is simulated by producing a porosity 
of one within these areas which in this paper is referred to as the radial cracking process. 
Although the overall porosity of the cracked zones is less than one, the cracks within this zone 
provide high permeability pathways towards the inner layers of the cement matrix. In fact, the 
cracked zones also participate in the geochemical reactions, even though they are not strong 
enough to bear the effective stress. In this case, the permeability of the cracks is significantly 
higher, at least by five to six orders of magnitude, than the permeability of the un-cracked areas 
(Bachu and Bennion, 2009; Carey et al., 2010). The significant difference in the permeability of 
cracks and uncracked areas forces the fluid to flow through the high-perm cracks. Therefore, 
the low porosity of the un-cracked areas has a negligible impact on the calculations of fluid 
flux. Secondly, the radial stress on the loosened outermost layers may lead to a radial 
compaction process within this area. In fact, the compaction reduces the porosity within these 
areas to a fraction of its initial value, this phenomenon will be referred to as the radial 
compaction process. This process can limit or even prevent the penetration of CO2-bearing 
fluids into the interior parts of the cement sheath. Imposing radial stresses can result in brittle 
faulting under low effective stresses, while the delocalization of cataclastic deformation within 
triaxially compressed cement matrices is associated with the porosity decrease (Wong and 
Baud, 1999).  
If the cement matrix is considered analogous to mudrocks or shales, the cement matrix will 
exhibit a ductile behaviour under increased stress, becoming brittle under overstressed 
conditions. In the brittle condition, shear fractures show increased permeability, while in the 
ductile condition, the permeability decreases with increasing shear deformation (Nygård et al., 
2006). Therefore, the brittle-ductile transition behaviour (Lubarda et al., 2002) of the cement 
matrix to a high level clarifies whether the radial cracking or radial compaction processes 
dominate in its alteration. However, this issue is not investigated in this paper.  
The following formula is used to calculate the in-situ horizontal stress; the radial stress on the 
outer face of the cement sheath from the surrounding rocks will be a fraction of this value 
(Breckels and van Eekelen, 1982): 
 𝜎𝑟 = 0.0053𝑑
1.145 + 0.46(𝑃𝑐 − 𝑃𝑐𝑛),                       𝑓𝑜𝑟 𝑑 < 3500 𝑚. 
( 1) 
where, 𝑑 is depth in  𝑚, 𝑃𝑐 and 𝑃𝑐𝑛 are the fluid pressure and the normal pore pressure in 𝑀𝑃𝑎, 
repectively. This relationship has been suggested for calculating the in-situ horizontal stress in 
sedimentary basins in the U.S. Gulf coast.  However, the authors believe that under normal 
underground conditions the radial stress on the outer face of the cement sheath will be in the 
range of zero to the value obtained using Equation ( 1).  The radial stress may change 
depending on the basin conditions. The basin formation in the vicinity of the cement sheath, 
throughout time, can expand laterally due to either tectonic displacements or creeping. 
Tectonic movements that put a significant shear stress on the cement sheath, have not been 
investigated here. This expansion tightens the cement sheath around the casing which leads to 
an increase in the radial stress. Table 1 summarises the parameters and their values which are 
used throughout the simulations. 
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Table 1. The general parameters used in all simulations 
Parameter Explanation Assumed value 
Pfluid Fluid pressure This is an average value 
representing the fluid pressure 
within the underground 
formations targeted for CCS 
projects, assumed to be equal to 
the hydrostatic pressure of brine 
with a density of 1 𝑔𝑟/𝑐𝑐  
Routside The outside radius of the casing 
(or inside radius of the 
cylindrical cement matrix) 
88.90 mm (or a production casing 
of 7-inch outer diameter) 
Rinside  Inside radius of the casing 80.85 mm (or a production casing 
of 6.366-inch inner diameter) 
Ncement Number of the radial grids 
within the cylindrical cement 
matrix 
600 
Nbrine Number of the radial grids 
within the brine surrounding 
the cylindrical cement matrix 
400 
∆𝒕 Time-step 10 days 
tfinal The final time of the simulation 1810 days 
Compressive strength parameters: 
𝒄, 𝒎, and 𝒏 in the following 
equation: 
𝟐𝒍𝒏(𝝈) = 𝒎𝒍𝒏(𝟏 − ∅) − 𝒏∅ + 𝒄, 
( 2)  
Equation ( 2) is the simplified 
form of the Equation ( 46) 
obtained from (Lian et al., 2011). 
To determine these parameters, 
the compressive strength of the 
cement matrix supposed to be 
84.8 MPa at a porosity of 0.20 
(Chindaprasirt et al., 2005). 
𝑚 = 5.96 
𝑛 = −10.01 
𝑐 = 12.21 
Pinside The fluid pressure inside the 
casing. An abandoned well is 
considered with a column of 
900 𝑓𝑡 of mud with a density of 
1.097 𝑔𝑟/𝑐𝑐  (11 lb/gal) just 
above the reservoir-caprock 
interface (details are explained 
in Section 3.1) 
  
2.95 MPa 
∅𝒊 Initial porosity of the cement 
matrix 
0.15 (Brunet et al., 2013) 
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Figure 4. A cross-section of a cylindrical cement sheath with an inside radius of Rinside and outer radius of 
Routside. (a) The radial cracking process in which the radius of the uncracked zone is changing throughout 
time due to the cement degradation; (b) the compaction process in which the outer layer is compacted 
due to the radial stress. 
3 Geomechanics of Well Cement 
This section investigates the geomechanical alterations in the properties of the cement 
matrix. 
3.1 The Geomechanical Governing Formulas 
A cement matrix is a porous rock which contains water within its pores. The pore water 
within the cement core is connected to the surrounding fluids. The concept of effective stress 
can be used to consider the effect of fluid pressure. This theory was applied to the estimation 
of rock strength (Hoek and Brown, 1997). However, some modifications were considered for 
low permeability porous media such as cement (Biot, 1955; Osipov, 2015). In this paper, it is 
assumed that the cement matrix stays within the linear elastic regime prior to the cement 
failing. The effective stress can be defined as follows: 
 𝜎𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 = 𝜎 − 𝛼𝑝, 
( 3) 
where, 𝜎𝑒𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒  is the effective stress, 𝑝 is the fluid pressure, 𝜎 is the mean stress which is 
exerted on the cement matrix by external forces, and 𝛼 is known as the Biot coefficient (Liu and 
Harpalani, 2014). The Biot coefficient value, 𝛼, is a complete definition of the interaction 
between the fluid pressure and solid grains. This coefficient depends on the external stress, the 
rock porosity, the compressibility of the solid grains and skeleton, consolidation type, and the 
ratio of consolidation to the cementation. The value of the Biot coefficient, 𝛼, changes from near 
zero to unity (Liu and Harpalani, 2014). The following formula was suggested for the value of 
Biot coefficient, 𝛼 (Geertsma, 1957; Liu and Harpalani, 2014; Skempton, 1984). 
 𝛼 = 1 −
𝐾
𝐾𝑠
  , ( 4) 
where, 𝐾𝑠 and 𝐾 are the bulk modulus of grains and dry porous rock, respectively. As explained 
by Terzaghi (1943), the effective stress denotes the stress which is effective in moving soil or 
displacing soil.  For an isotropic porous medium, the general strain tensor can be written as 
follows (Nur and Byerlee, 1971): 
 𝜀𝑖𝑗 =
1
2𝜇
(𝜎𝑖𝑗 −
1
3
𝛿𝑖𝑗𝜎𝑘𝑘) +
1
9𝐾
𝛿𝑖𝑗𝜎𝑘𝑘 −
1
3𝐻
𝛿𝑖𝑗𝑝,    
( 5) 
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where, 𝑖 , 𝑗 show the principle directions and can be 1,2, or 3, 𝜎𝑘𝑘 is defined as in Equation ( 6), 
𝜎𝑖𝑗 is the Cauchy stress tensor, 𝛿𝑖𝑗 is Kroenecker's delta, 𝐾 and 𝜇 are the bulk modulus of rock 
and shear modulus without the fluid pressure, respectively, and H is the effective modulus of 
the solid phase (Liu and Harpalani, 2014) to take into account the strain due to the fluid 
pressure. The following shows  𝜎𝑘𝑘: 
 𝜎𝑘𝑘 = 𝜎11 + 𝜎22 + 𝜎33, 
( 6) 
and, 
 𝛼 =
𝐾
𝐻
. 
( 7) 
Therefore,  
 𝜀11 =
1
2𝜇
(𝜎11 −
1
3
𝜎𝑘𝑘) +
1
9𝐾
𝜎𝑘𝑘 −
1
3𝐻
𝑝, ( 8) 
 𝜀22 =
1
2𝜇
(𝜎22 −
1
3
𝜎𝑘𝑘) +
1
9𝐾
𝜎𝑘𝑘 −
1
3𝐻
𝑝, ( 9) 
 𝜀33 =
1
2𝜇
(𝜎33 −
1
3
𝜎𝑘𝑘) +
1
9𝐾
𝜎𝑘𝑘 −
1
3𝐻
𝑝. ( 10) 
In a cylindrical system with radial symmetry, three normal stresses can be introduced as 
follows (𝜎𝑟, 𝜎𝑧, and 𝜎𝜃 acting on an element of the cement sheath which are shown in Figure 5 
and Figure 6): 
 𝜎11 = 𝜎𝑟, 
( 11) 
 𝜎22 = 𝜎𝜃 , 
( 12) 
 𝜎33 = 𝜎𝑧. 
( 13) 
where 𝜎𝑟, 𝜎𝜃, and 𝜎𝑧 are stresses in r-direction, θ-direction and z-direction, respectively. In a 
cylindrical coordinate, the stress tensor will be as follows (Biot, 1955): 
 𝜎𝑖𝑗 = [
𝜎𝑟 − 𝛼𝑝 𝜏𝑟𝜃 𝜏𝑟𝑧
𝜏𝜃𝑟 𝜎𝜃 − 𝛼𝑝 𝜏𝜃𝑧
𝜏𝑧𝑟 𝜏𝑧𝜃 𝜎𝑧 − 𝛼𝑝
], ( 14) 
𝜏𝑖𝑗 , in Equation ( 14) shows the shear stress in the plane normal to the 𝑖-direction and in the 
direction of 𝑗. This is a symmetric tensor, therefore, 𝜏𝑖𝑗 = 𝜏𝑗𝑖. This equation shows that the fluid 
pressure affects the normal stress, but not the shear stress. 
It is assumed that the cylindrical cement matrix is in contact with a high-pressure fluid at 
its perimeter. By considering 𝜆, Lame’s constant, as follows: 
 𝜆 = 𝐾 −
2
3
𝜇. 
( 15) 
where, 
 𝐾 =
𝐸
3(1 − 2𝜈)
. ( 16) 
and,  
 𝜇 =
𝐸
2(1 + 𝜈)
. ( 17) 
𝐸 is the modulus of elasticity or the Young’s modulus, and 𝜈 is the Poisson’s ratio. 
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Figure 5. Illustration of the layers formed within a cylindrical cement matrix with respect to the imposed 
stresses; (a) layers are perpendicular to the radial stress; (b) the upper view of the cross-section which is 
influenced by radial stress; (c) lateral view of the layers which are parallel to the stress in the z-direction. 
 
Figure 6. Stresses in cylindrical coordinates; (a) acting stresses in the r-direction, θ-direction and z-
direction on the surfaces of the cement, and (b) shear stresses which are acting on the same cylindrical 
element. 
Therefore, stresses can be rearranged as follows: 
 𝜎𝑟 = 𝜆(𝜀𝑟 + 𝜀𝜃 + 𝜀𝑧) + 2𝜇𝜀𝑟 + 𝑝
𝐾
𝐻
, 
( 18) 
 𝜎𝜃 = 𝜆(𝜀𝑟 + 𝜀𝜃 + 𝜀𝑧) + 2𝜇𝜀𝜃 + 𝑝
𝐾
𝐻
, 
( 19) 
 𝜎𝑧 = 𝜆(𝜀𝑟 + 𝜀𝜃 + 𝜀𝑧) + 2𝜇𝜀𝑧 + 𝑝
𝐾
𝐻
. 
( 20) 
𝜀𝑟, 𝜀𝜃, and 𝜀𝑧 are strains in r-direction, 𝜃-direction and z-direction, respectively. 
The cylindrical cement matrix is assumed to be in the principal coordinate system in which 
the z-axis coincident with the centre line of the cylinder, such as Figure 6. To decrease the 
complexity of coupling the geochemical alterations with the geomechanical changes the 
following assumptions are applied to consider changes only in the r-direction, which can also 
be deuced from the plain strain assumption: 
 
𝜕𝑢𝑧
𝜕𝑟
= 0, 
( 21) 
 
𝜕𝑢𝑟
𝜕𝑧
= 0, 
( 22) 
where, 𝑢𝑟 and 𝑢𝑧 are displacements in the in r-direction, and z-direction, respectively. From the 
symmetry, the following equations can be deduced: 
 𝑢𝜃 = 0, 
( 23) 
 
𝜕𝑢𝑟
𝜕𝜃
= 0, 
( 24) 
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𝜕𝑢𝑧
𝜕𝜃
= 0, 
( 25) 
where, 𝑢𝜃 is the displacement in the 𝜃-direction. Based on Equations ( 21) to ( 25), the shear 
stresses on the cylindrical element will be zero. This means that 𝑢𝑧 is only a function of 𝑧. Thus, 
the value of  
𝜕𝑢𝑧
𝜕𝑧
  can be considered constant at a special cross-section perpendicular to the z-
direction. The stress state of the cement sheath can be simplified to plain strain conditions 
applied widely to model vertical wells (Arjomand et al., 2018; Jo and Gray, 2010; Wang and 
Taleghani, 2014; Zhang et al., 2015). This means that the value of 
𝜕𝑢𝑧
𝜕𝑧
 is zero (Sadd, 2005). 
Strain-displacement relations, 
 𝜀𝑟 =
𝜕𝑢𝑟
𝜕𝑟
, 
( 26) 
 𝜀𝜃 =
𝑢𝑟
𝑟
. ( 27) 
From equilibrium equations, one can derive the following equations: 
 𝜕𝜎𝜃
𝜕𝜃
= 0, 
( 28) 
 𝜕𝜎𝑟
𝜕𝑟
=
𝜎𝜃 − 𝜎𝑟
𝑟
, 
( 29) 
 𝜕𝜎𝑧
𝜕𝑧
= 0. 
( 30) 
The stresses can be rewritten as follows: 
 𝜎𝑟 = ( 𝜆 + 2 𝜇)
𝜕𝑢𝑟
𝜕𝑟
+ 𝜆 (
𝑢𝑟
𝑟
) +  𝑝
𝐾
𝐻
, 
( 31) 
 𝜎𝜃 = ( 𝜆 + 2 𝜇)
𝑢𝑟
𝑟
+  𝜆 (
𝜕𝑢𝑟
𝜕𝑟
) + 𝑝
𝐾
𝐻
, 
( 32) 
 𝜎𝑧 = 𝜆 (
𝜕𝑢𝑟
𝜕𝑟
+
𝑢𝑟
𝑟
) + 𝑝
𝐾
𝐻
. 
( 33) 
Equations ( 28) to ( 33) are the main governing equations which need to be solved to 
calculate 𝜎𝑟, 𝜎𝜃, 𝜎𝑧 and 𝑢𝑟. To solve this system of equations at any cross-section perpendicular 
to the z-direction, Equations ( 29), ( 31), and ( 32) can be solved simultaneously. Equation ( 28) 
confirms that the obtained value for 𝜎𝜃 is constant at all angles. 
It should be recalled that due to radial change within the cylindrical cement matrix, the 
Young’s modulus and the Poisson’s ratio are functions of the radius, 𝑟, and the time, 𝑡. 
 𝐸 = 𝐸(𝑟, 𝑡), 
( 34) 
 𝜈 = 𝜈(𝑟, 𝑡). 
( 35) 
This paper simulates the behaviour of the cement matrices in abandoned wells due to the 
effect of contact by dissolved CO2. In this case, the abandoned wells are plugged using one of 
a number of plug placement techniques, in which the balanced plug method is the most 
common  (Nelson, 1990). Texas state-wide plugging Rule 14 dictates that at least 100 ft of the 
hole (casing inside) and 10% of each 1,000 ft of the depth must be filled with plugs. Prior to the 
plugging procedure, the hole must be filled with mud with a minimum density of 9.5 lb/gal 
(Calvert et al., 1994). Therefore, if the CO2 plume accumulates around the casing just beneath 
the caprock, the pressure inside the casing at that depth will be equal to the hydrostatic 
pressure of the fluid filling the casing. The maximum inside pressure will be equal to the static 
pressure of filling fluid with a height of 900 ft based on the Texas state-wide plugging Rule 14. 
Actually, the boundary conditions are highly dependent on the geometry of the cement-rock 
interface and the abandonment method. The following equations establish the boundary 
conditions: 
 𝜎𝑟 = 𝜎𝑅 on , 𝑟 = 𝑅, 
( 36) 
 𝜎𝑟 = 𝑝𝑖𝑛𝑠𝑖𝑑𝑒  on, 𝑟 = 𝑅𝑖𝑛𝑠𝑖𝑑𝑒 . 
( 37) 
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𝜎𝑅 is the radial confining stress on the outer face of the cylindrical cement matrix at the radius 
of 𝑅. Equation ( 37) shows that the radial stress at the inner radius, 𝑅𝑖𝑛𝑠𝑖𝑑𝑒 , of the casing is equal 
to the fluid pressure, 𝑝𝑖𝑛𝑠𝑖𝑑𝑒 , in the casing at that depth.  
The value of 0.25 is considered as being representative of the Poisson’s ratio at different 
cylindrical layers (Chamrova, 2010; Constantinides and Ulm, 2004; Harsh et al., 1990; Velez et 
al., 2001; Wang and Subramaniam, 2011). The Young’s modulus is a function of the porosity 
and the intrinsic properties of the cement matrix. The following equation characterises the 
change in Young’s modulus against porosity (Phani and Niyogi, 1987): 
 𝐸𝑟
𝑡 = 𝐸0𝑟
𝑡 (1 − 𝑎𝜙𝑟
𝑡)𝑛𝑟
𝑡
, 
( 38) 
The superscript 𝑡 and the subscript 𝑟 refer to terms time and radius, respectively. Parameters 
of 𝑎 and 𝑛 are material constants which are functions of the time and the radius. It can be 
assumed that at 𝜙 = 1, the Young’s modulus is zero (Lafhaj et al., 2006; Li et al., 2006). Thus, 
the changes in the porosity and the material constants can represent the changes in Young’s 
modulus. It should be remarked that the constants 𝑎 and 𝑛 are unique for every porous solid. 
3.2 Application to the Cement  
CO2-bearing fluids attacking the cement matrix results in the formation of four main zones 
(Carey et al., 2010; Choi et al., 2016; Corvisier et al., 2013, 2010; Iyer et al., 2017; Kutchko et al., 
2008, 2007; Liaudat et al., 2018; Omosebi et al., 2016; Rimmelé et al., 2008). These zones include: 
 The unaltered zone. 
 The portlandite (CH) depleted zone (or the portlandite (CH) dissolution zone) 
 The calcium carbonate precipitation zone. Although the formation of two 
polymorphs of Aragonite and Vaterite is also possible within this zone, calcite is 
the most metastable form of calcium carbonate (Carey, 2013; Corvisier et al., 2010; 
Wigand et al., 2009). This zone is also here referred to as the calcite precipitation 
zone. 
 The silica gel zone where the degradation occurs due to both calcium leaching and 
the evolution of calcium silicate hydrate (C-S-H) (Bagheri et al., 2018; Chen et al., 
2004). 
The porosity remains unchanged within the unaltered zone. As Figure 1 shows, the value 
of porosity increases within the portlandite depleted zone and silica gel zone (Walsh et al., 
2014a), while calcite precipitation leads to a porosity reduction (Barlet-Gouédard et al., 2007). 
Therefore, generally one could expect to see three major extremums on the porosity profile 
from the inner parts of a cement matrix to the cement-brine interface. These three extremums 
are associated with three main altered zones distinguished above within the reacted cement 
matrix. The first extremum in the porosity profile is due to the dissolution of CH in which the 
attack of CO2-bearing fluids can be simulated by a decrease in the CH component and an 
increase in the porosity. The second extremum corresponds to the formation of the calcite, 
resulting in a porosity decrease. The last extremum is close to the cement-brine interface. 
Within this zone, calcite re-dissolution and C-S-H degradation occur resulting in the formation 
of the silica gel zone. Based on this observation, it is expected that the porosity value will 
increase here. The value of porosity in the silica gel zone is higher than both the porosity of the 
unaltered zone and the porosity extremum which is seen within the portlandite dissolution 
zone (Liaudat et al., 2018; Rimmelé et al., 2008). 
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Table 2. Young’s modulus, E, of four main phases which are distinguished within the cement during 
the exposure to CO2-bearing fluids. 
Component Young’s modulus 
(GPa) 
Reference 
C-S-H 25.55 An average value is derived from (Chamrova, 2010; 
Constantinides and Ulm, 2007; Jennings et al., 2007)  
CH 38.5 An average value is derived from (Chamrova, 2010; 
Constantinides and Ulm, 2004)  
Calcite 70 An average value is derived from (Merkel et al., 2009) 
Silica gel 159 It is assumed that the silica gel zone is composed of 
silicon and an average value is derived from 
(Hopcroft et al., 2010; Moner-Girona et al., 1999) 
  
It is assumed that the cement matrix is a composite material. Therefore, the Young’s 
modulus of this material can be represented by the Voigt or Reuss model (Liu et al., 2009; Zhu 
et al., 2015). The Voigt and Reuss models show the upper and lower bounds for the Young’s 
modulus of the composite materials, respectively (Hill, 1952). To see the effect of microstructure 
on the elastic moduli, it can be deduced that the Young’s modulus of the cement matrix lies 
somewhere between the lower and upper bounds (Carter and Norton, 2007). However, the 
Voigt model is more appropriate in representing the Young’s modulus for a cement matrix. 
This is due to the direct effect of the Young’s modulus of a newly formed mineral such as calcite 
on the overall Young’s modulus. Therefore, the value of the Young’s modulus, 𝐸, can be written 
in terms of four main components at the time, 𝑡, and the radius, 𝑟, which are predicted to occur 
within the cement composition prior to and during exposure to CO2-bearing fluids as follows: 
 
𝐸0(𝑟, 𝑡) = 𝐸𝐶−𝑆−𝐻𝑓𝐶−𝑆−𝐻(𝑟, 𝑡) + 𝐸𝐶𝐻𝑓𝐶𝐻(𝑟, 𝑡) + 𝐸𝑐𝑎𝑙𝑐𝑖𝑡𝑒𝑓𝑐𝑎𝑙𝑐𝑖𝑡𝑒(𝑟, 𝑡) +
𝐸𝑠𝑖𝑙𝑖𝑐𝑎 𝑔𝑒𝑙𝑓𝑠𝑖𝑙𝑖𝑐𝑎 𝑔𝑒𝑙(𝑟, 𝑡), 
( 39) 
where,  
 𝑓𝐶−𝑆−𝐻(𝑟, 𝑡) + 𝑓𝐶𝐻(𝑟, 𝑡) + 𝑓𝑐𝑎𝑙𝑐𝑖𝑡𝑒(𝑟, 𝑡) + 𝑓𝑠𝑖𝑙𝑖𝑐𝑎 𝑔𝑒𝑙(𝑟, 𝑡) = 1. 
( 40) 
𝐸0 is Young’s modulus of the cement matrix at the radius, 𝑟, the time, 𝑡, with a porosity of zero. 
𝐸𝐶−𝑆−𝐻, 𝐸𝐶𝐻 , 𝐸𝑐𝑎𝑙𝑐𝑖𝑡𝑒, and 𝐸𝑠𝑖𝑙𝑖𝑐𝑎 𝑔𝑒𝑙  are the Young’s moduli of C-S-H, portlandite, calcite, and 
silica gel, respectively, which are constant values, the average values being indicated in Table 
2. 𝑓𝐶−𝑆−𝐻, 𝑓𝐶𝐻, 𝑓𝑐𝑎𝑙𝑐𝑖𝑡𝑒 , and 𝑓𝑠𝑖𝑙𝑖𝑐𝑎 𝑔𝑒𝑙  show the volume ratios of C-S-H, portlandite, calcite, and 
silica gel over the solid volume, respectively, which are also functions of the radius, 𝑟, and the 
time, 𝑡. 
15 
 
 
Figure 7. A simple illustration of the changes in the volume fraction of different presumed constituents 
of cement due to the exposure of CO2-bearing fluids at a point within the cement matrix. 
Figure 1 shows the alteration within the composition of the cement matrix from the 
cement-brine interface on the left side to the inner part of the cement matrix on the right side. 
It can be deduced that, in the areas close to the cement-brine interface, there is a negligible trace 
of portlandite and C-S-H. This zone is composed of silica gel which is an amorphous gel 
resulted from the evolution of C-S-H in the presence of high-CO2 saturated fluids (Bagheri et 
al., 2018; Carey, 2013; Chen et al., 2004). The volume of silica gel itself also gradually decreases 
due to the dissolution in CO2-bearing fluids. At deep locations within the cement matrix, 
portlandite dissolves in low-CO2 saturated brine. The calcium cation which is freed from these 
areas starts diffusing out of the cement matrix. Prior to reaching the cement-brine interface, the 
calcium cation precipitates in the presence of a higher quantity of CO32-. This process leads to 
an increase in the volume fraction of calcite. Moreover, the formation of calcite is accompanied 
by an increase in its volume due to crystallization (Hwang et al., 2018; Lesti et al., 2013; Šavija 
and Luković, 2016). These processes reduce the porosity and sometimes clog this intermediate 
zone. Within the portlandite dissolution zone, the C-S-H volume fraction is stable and 
throughout time portlandite is slightly converted to the calcite, as shown in Figure 7 (Liaudat 
et al., 2018). 
The value of 𝑛 in Equation ( 38) is a function of the mineral composition of the cement 
matrix. There is no explicit equation available in the iterature, to the authors’ knowledge, to 
express 𝑛 in terms of the mineral composition. Therefore, it should be calculated inversely from 
the Young modulus of a cement matrix. Mason et al.  (2013) measured the Young’s modulus, 
𝐸, of altered layers and Rimmelé et al. (2008) investigated the porosity distribution within these 
altered layers. Table 2 shows the average Young’s modulus of four main minerals occurring in 
cement matrices affected by CO2-bearing fluids considering a porosity of zero. The calculation 
of 𝑛 needs the mineral composition at the corresponding points to calculate 𝐸0 using Table 2 
and Equation ( 39). Therefore, at the points in which the Young’s modulus, 𝐸, is measured by 
Mason et al.  (2013), the mineral composition should be defined. It is estimated that the weight 
contribution of C-S-H and CH in the final composition of the cement after completing the 
hydration phase is 70% and 30 %, respectively (Nelson, 1990; Taylor, 1997). In fact, the CH 
contribution and other components are approximately 20% and 10%, respectively, but in this 
work, for simplicity, they are considered together. Considering an average density of 2.70 𝑔𝑟/𝑐𝑐 
for C-S-H (Allen et al., 2007; Jennings, 2000; Thomas et al., 2010) and a density of 2.26 𝑔𝑟/𝑐𝑐 for 
CH leads to volume fractions of 67% and 33%, respectively. 
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 In Table 3, it is assumed that in the middle of the portlandite dissolution zone, one-half 
of the portlandite volume is converted to calcite. At the middle of the calcite zone, the volume 
fraction of CH is negligible, and the volume fraction of the calcite is at its maximum of 0.33, 
while one-half of the total C-S-H is converted to silica gel. The silica gel zone, in Table 3, is also 
defined as a zone where silica gel is the only composing component. This table provides the 
value of 𝑛, in the last column on the right side, at four main points within a cement matrix 
exposed to CO2-bearing fluids. The value of 𝑛 at any other points should be interpolated based 
on these four main values using the mineral composition at that point. Actually, Table 3 will 
be used in simulations as a reference. The inverse distance weighting (IDW) method with a 
power parameter of four (Shepard, 1968) is applied to estimate the value of 𝑛. The interpolated 
value of 𝑛, thereafter, will be used in Equation ( 38) to compute 𝐸 at that point. 
 
Table 3. Calculating the average value of 𝑛 in the  in Equation ( 38) which is developed by Phani and 
Niyogi (1987). 
Component 
 
Zone 
Volume fraction of minerals Average 
porosity 
obtained 
from 
Figure 1 
Associated 
depth (mm) 
obtained from 
Figure 1 
Young’s 
modulus 
(GPa) (Mason 
et al., 2013) 
𝑬𝟎 𝒏 
C-S-H  CH Calcite  Silica 
gel 
Unreacted zone 0.67 0.33 0 0 0.08 24.25 28.7 29.8 0.46 
Portlandite 
dissolution zone 
0.67 0.16 0.17 0 0.15 6 19.2 35.2 3.72 
Calcite 
precipitation 
zone 
0.33 0 0.33 0.34 0.07 1.5 20.9 85.6 19.43 
Silica gel zone 0 0 0 1 0.35 0.1 9.8 159 6.47 
 
3.3 Calculation of the Change in Porosity 
The following equation expresses the change in the porosity due to imposing stresses on 
the cement matrix (Ghabezloo et al., 2008; Harrold, 2001; Liu and Harpalani, 2014):  
 ∅𝑟
𝑡
𝑛𝑒𝑤
= ∅𝑟
𝑡
𝑜𝑙𝑑
− (
1 − ∅𝑟𝑜𝑙𝑑
𝑡
𝐾𝑟𝑡
−
1
𝐾𝑠𝑟
𝑡 ) (𝜎𝑚𝑟
𝑡 − 𝛼𝑟
𝑡𝑝). ( 41) 
Therefore, 
 
∆∅𝑟
𝑡
𝑔𝑒𝑜𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙
= − (
1 − ∅𝑟𝑜𝑙𝑑
𝑡
𝐾𝑟𝑡
−
1
𝐾𝑠𝑟
𝑡 ) (𝜎𝑚𝑟
𝑡 − 𝛼𝑟
𝑡𝑝), 
( 42) 
and, 
 𝐾𝑟
𝑡 =
𝐸𝑟
𝑡
3(1 − 2𝜈)
, ( 43) 
 𝐾𝑠𝑟
𝑡 =
𝐸0𝑟
𝑡
3(1 − 2𝜈)
. 
( 44) 
where, ∅𝑟
𝑡
𝑜𝑙𝑑
 is the porosity at the radius of 𝑟, and the time 𝑡, prior to the imposing the 
geomechanical changes. ∅𝑟
𝑡
𝑛𝑒𝑤
 is the porosity after imposing the  geomechanical changes. 
∆∅𝑟
𝑡
𝑔𝑒𝑜𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙
 is the change in the porosity due to imposing stresses. 𝜎𝑚𝑟
𝑡  is the mean stress 
at the time, 𝑡, and the radius, 𝑟, and 𝑝 is the fluid pressure. 𝐾𝑠𝑟
𝑡  and 𝐾𝑟
𝑡 are the bulk modulus of 
grains and dry porous rock at the time, 𝑡, and the radius, 𝑟, respectively. The mean stress, 𝜎𝑚𝑟
𝑡 , 
at the time, 𝑡, and the radius, 𝑟 can be calculated as follows (Harrold, 2001): 
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 𝜎𝑚𝑟
𝑡 =
1
3
(𝜎𝑟
𝑡 + 𝜎𝜃
𝑡 + 𝜎𝑧
𝑡). 
( 45) 
where  𝜎𝑟
𝑡, 𝜎𝜃
𝑡, and 𝜎𝑧
𝑡 are stresses in the r-direction, 𝜃-direction , and z-direction, respectively, 
at the time 𝑡, and the radius, 𝑟. 
The resulting porosity profile from the geochemical reactions will be added to the value of 
∆∅𝑟
𝑡
𝑔𝑒𝑜𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙
 to show the coupled-effect of geochemical and geomechanical processes as 
formulated in Equation ( 66). 
3.4 Prediction of Failure 
The invasion of CO2-bearing fluids into the cement matrix extensively affects the outmost 
layers, being close to the cement-brine interface. Chemical reactions change the mineral 
composition and porosity of these layers. With time, the inner parts of the cement matrix are 
also affected due to the diffusion of CO2-bearing fluids. In this case, two states are plausible; 
firstly, a failure of the layers which are highly degraded, and secondly, the failure of the entire 
cement matrix. The former can lead to either the formation of cracks or the compaction of failed 
layers depending on the stress state. The latter illustrates that the entire cement matrix is no 
longer able to bear the mean effective stress, therefore the whole cement matrix fails. 
In this paper, it is assumed that the cement matrix remains in the linear elastic zone prior 
to meeting the failure criterion. The cement matrix can be exposed to the extensional regimes 
particularly in the annulus of production/injection wells due to either the fluid flow pressure 
inside the casing or the temperature difference between the fluids inside the casing and the 
surrounding rock. This study investigates abandoned wells. This means that the cement matrix 
is generally at a steady state before being exposed to CO2-bearing fluids. The assumptions, in 
this study, consider compressive radial stress. The geomechanical simulations also attest to the 
compressive nature of the vertical and hoop stresses. This means that a compressive regime is 
undergone during the calculations. Therefore a compressive criterion should be defined to 
show the cement failure. These models are based on the uniaxial compressive strength, which 
can be calculated as following (Lian et al., 2011): 
 𝜎𝑐𝑖𝑟
𝑡 = 𝐵√(1 − ∅𝑟𝑡 )𝑚𝑒−𝑛∅𝑟
𝑡
, 
( 46) 
where, 𝜎𝑐𝑖𝑟
𝑡  and ∅𝑟
𝑡  are the compressive strength and porosity at the time, 𝑡, and the radius, 𝑟. 
𝐵 is the compressive strength of the cement matrix at the porosity of zero which depends on 
the  fracture energy of the cement matrix and as a consequence on its mineral composition, 𝑚 
and 𝑛 are material constants which depend also on the cement composition. The value of the 
porosity changes throughout time due to geochemical reactions and imposing stress state on 
the cement matrix. The value of 𝜎𝑐𝑖𝑟
𝑡  corresponds to a specific radius and time. To obtain a 
representative compressive strength for the whole cement matrix, an average value is 
calculated as follows: 
 𝜎𝑐𝑖
𝑡 =
1
𝑁
∑ 𝜎𝑐𝑖𝑟
𝑡 .
𝑁
𝑖=1
 ( 47) 
where, 𝑁 is the number of the cylindrical layers of the cement sheath with a thickness of ∆𝑟 at 
the time, 𝑡.  
The internal friction angle, 𝜑, and the cohesion,  𝐶, can be calculated based on the value of 
the compressive strength as follows (Rochette and Labossiere, 1996): 
 𝜑𝑟
𝑡 = 𝑠𝑖𝑛−1 (
3
1 + 0.4𝜎𝑐𝑖𝑟
𝑡 /√3
), ( 48) 
 𝐶𝑟
𝑡 = (𝜎𝑐𝑖𝑟
𝑡 − 5√3)
3 − 𝑠𝑖𝑛 𝜑𝑟
𝑡
6 𝑐𝑜𝑠 𝜑𝑟𝑡
, ( 49) 
where, the subscript 𝑟 stands for radius and superscript 𝑡 stands for time. The internal friction 
angle and the cohesion can also be calculated for the whole cement matrix using 𝜎𝑐𝑖
𝑡  obtained 
from Equation ( 47) in Equations ( 48) and ( 49) instead of 𝜎𝑐𝑖𝑟
𝑡 . 
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The first invariant of the stress tensor, 𝐼1𝑟
𝑡 , and the second invariant of the deviatoric stress 
tensor, 𝐽2𝑟
𝑡 ,  at the time, 𝑡, and the radius, 𝑟, are as follows: 
 𝐼1𝑟
𝑡 = 𝜎𝑟
𝑡 + 𝜎𝜃
𝑡 + 𝜎𝑧
𝑡 , 
( 50) 
 𝐽2𝑟
𝑡 =
1
6
((𝜎𝑟
𝑡 − 𝜎𝜃
𝑡)2 + (𝜎𝜃
𝑡 − 𝜎𝑧
𝑡)2 + (𝜎𝑟
𝑡 − 𝜎𝑧
𝑡)2) + 𝜏𝑟𝜃
2 + 𝜏𝑟𝑧
2 + 𝜏𝜃𝑧
2 . 
( 51) 
where, 𝜏𝑟𝜃, 𝜏𝑟𝑧, and 𝜏𝜃𝑧 are shear stresses which are equal to zero based on the plain strain 
assumption and the radial symmetry. 
Octahedral shear stress, 𝜏𝑜𝑐𝑡𝑟
𝑡 , and octahedral normal stress, 𝜎𝑜𝑐𝑡𝑟
𝑡 , at the time, 𝑡, and the 
radius, 𝑟, are as follows: 
 𝜎𝑜𝑐𝑡𝑟
𝑡 =
𝐼1𝑟
𝑡
3
, 
( 52) 
 𝜏𝑜𝑐𝑡 𝑟
𝑡 = √
2
3
𝐽2𝑟
𝑡 . 
( 53) 
Drucker-Prager criterion (Drucker and Prager, 1952) is used to define the failure 
envelope of the cement sheath under compression regime as following (McLean and 
Addis, 1990): 
 𝜏𝐷𝑃𝑟
𝑡 = 𝜏𝑜𝑐𝑡 𝑟
𝑡 − 𝑚𝑟
𝑡 (𝜎𝑜𝑐𝑡𝑟
𝑡 − 𝑝𝑓), 
( 54) 
where, 𝜏𝐷𝑃𝑟
𝑡  and 𝑚𝑟
𝑡  are the Drucker-Prager shear stress and a material parameter, 
respectively, at the time, 𝑡, and the radius, 𝑟. The latter can be calculated as follows (McLean 
and Addis, 1990): 
 𝑚𝑟
𝑡 =
2√2 𝑠𝑖𝑛 𝜑𝑟
𝑡
3 − 𝑠𝑖𝑛 𝜑𝑟𝑡
. 
( 55) 
The value of 𝜏𝐷𝑃𝑟
𝑡  obtained using Drucker-Prager criterion should be compared to the 
maximum shear stress which can be withstood by the cement matrix. McLean and Addis (1990) 
suggested the following: 
 𝜏0𝑟
𝑡 =
2√2 𝐶𝑟
𝑡  𝑐𝑜𝑠 𝜑𝑟
𝑡
3 − 𝑠𝑖𝑛 𝜑𝑟𝑡
, 
( 56) 
where, 𝜏0𝑟
𝑡 , is the shear strength of the cement matrix which depends on its porosity, mineral 
composition, and structure. Therefore, the failure will occur at a radius of 𝑟 when 𝜏𝐷𝑃𝑟
𝑡  becomes 
larger than 𝜏0𝑟
𝑡   which is represented by ratio 𝜂 as follows:  
 𝜂 =
𝜏𝐷𝑃𝑟
𝑡
𝜏0𝑟
𝑡
. ( 57) 
Although equations ( 48) to ( 57) were defined to predict the failure at a radius of 𝑟 within the 
cement sheath, they can also be rewritten for the whole cement sheath using 𝜎𝑐𝑖
𝑡  instead of 𝜎𝑐𝑖𝑟
𝑡 , 
and the average stresses in each of principal directions of the cylindrical coordinate system. 
Although the outmost layers are highly prone to fail before the entire cement sheath, the 
reduction in the average strength of the cement sheath also exposes it to failure. Therefore, we 
need to check both the failure of the layers and the entire cement sheath to ensure which occurs 
first. The simulation moves forward through time to the collapse of the entire cement sheath. 
3.5 Numerical Solution 
Equations ( 29), ( 31), and ( 32) and boundary conditions in Equations ( 36), and ( 37) need 
to be solved simultaneously at each time step, ∆𝑡. The following shows the system of equations 
for calculating the displacement in the r-direction due to geomechanical changes. It is assumed 
that the radial thickness of the assemblage of cylindrical cement matrix and casing is 
discretized into 𝑁 segments of ∆𝑟 thickness. Therefore, 𝑁 + 1 values of 𝑢𝑟 are expected. 𝑢1 refers 
to the radial displacement at the inside radius, 𝑅𝑖𝑛𝑠𝑖𝑑𝑒 , and 𝑢𝑁+1 indicates the radial 
displacement at the outer face of the cement matrix or at the radius of (𝑅𝑖𝑛𝑠𝑖𝑑𝑒 + 𝑁∆𝑟). For the 
radial displacement, the subscript 𝑖, and superscript 𝑡, will show the radius of (𝑅𝑖𝑛𝑠𝑖𝑑𝑒 + (𝑖 −
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1)∆𝑟) and the time, 𝑡, respectively. For the stresses, the subscript, 𝑖, and superscript, 𝑡, will 
show the radius of (𝑅𝑖𝑛𝑠𝑖𝑑𝑒 + (𝑖 − 0.5)∆𝑟) and the time, 𝑡, respectively. By using the Euler 
method (Salamon, 1996), at the time, 𝑡, and the radius, 𝑟, and mathematical manipulation one 
can obtain the following system of equations: 
 (𝜆𝑖
𝑡 + 2𝜇𝑖
𝑡)
𝑢𝑖+1
𝑡 − 𝑢𝑖
𝑡
∆𝑟
+ 𝜆𝑖
𝑡 (
𝑢𝑖
𝑡
𝑟𝑖
) − 𝜎𝑟𝑖
𝑡 = −𝑝𝛼𝑖
𝑡,              𝑖: 1, … , 𝑁, ( 58) 
 (𝜆𝑖
𝑡 + 2𝜇𝑖
𝑡)
𝑢𝑖
𝑡
𝑟𝑖
+ 𝜆𝑖
𝑡 (
𝑢𝑖+1
𝑡 − 𝑢𝑖
𝑡
∆𝑟
) − 𝜎𝜃𝑖
𝑡 = −𝑝𝛼𝑖
𝑡,              𝑖: 1, … , 𝑁, ( 59) 
 
𝜎𝑟𝑖+1 − 𝜎𝑟𝑖
∆𝑟
−
𝜎𝜃𝑖
𝑡 − 𝜎𝑟𝑖
𝑡
𝑟𝑖
= 0,              𝑖: 1, … , 𝑁 − 1, 
( 60) 
 2(
𝜎𝑅 − 𝜎𝑟𝑁
𝑡
∆𝑟
) −
𝜎𝜃𝑁
𝑡 − 𝜎𝑟𝑁
𝑡
𝑟𝑁
= 0, 
( 61) 
 𝜎𝑟1
𝑡 (
2
∆𝑟
+
1
𝑅𝑖𝑛𝑠𝑖𝑑𝑒 +
∆𝑟
2
) − 𝜎𝜃1
𝑡 (
1
𝑅𝑖𝑛𝑠𝑖𝑑𝑒 +
∆𝑟
2
) = 𝑝𝑖𝑛𝑠𝑖𝑑𝑒 (
2
∆𝑟
), ( 62) 
where  
 𝑟𝑖 = 𝑅𝑖𝑛𝑠𝑖𝑑𝑒 + (𝑖 − 0.5)∆𝑟,              𝑖: 1, … , 𝑁. 
( 63) 
4 Geochemical Simulation 
The CrunchFlow code was used to simulate the geochemical changes within the cement 
due to the reactions (Steefel et al., 2015). This code has been used to simulate the energy, mass, 
and momentum conservation in the various literature (Brunet et al., 2016, 2013; Cao et al., 2015; 
Dávila et al., 2016; Zhang et al., 2013). The following equation expresses the change in the 
concentration of the components: 
 
𝜕(𝜙𝐶𝑗)
𝜕𝑡
=  𝛻. (𝐷𝛻𝐶𝑗) − 𝛻(𝑞𝐶𝑗) + 𝑅𝑗     (𝑗 = 1,2,3, … 𝑛), 
( 64) 
where 𝜙 is porosity, the term on the left-hand-side of Equation ( 64) indicates a change in the 
concentration, 𝐶𝑗, of the component 𝑗 (𝑚𝑜𝑙/𝑚
3), 𝑛 is the number of involved components , the 
first, second, and third terms on the right side of Equation ( 64) stand for chemical species 
transport due to diffusion, advection, and reaction respectively, 𝐷 is the combined diffusion-
dispersion coefficient (𝑚2/𝑠), 𝑞 is the Darcy velocity (𝑚3/(𝑚2. 𝑠) ), and 𝑅𝑗 (𝑚𝑜𝑙/(𝑚
2. 𝑠) ) is the 
total reaction rate obtained from summing up rates of precipitation and dissolution of involved 
minerals. 
 
 
 
 
Table 4. The initial concentrations of composing phases of the brine (Brunet et al., 2013). 
  Cement Matrix Brine 
Aqueous phase 
species (mol/L) 
CO2(aq) 0.00 0.50 
Ca2+ 0.00 0.00 
Cl- 0.17 0.17 
Na+ 
As a conservative ion, its 
concentration is calculated 
based on charge balance. 
0.17 
SiO2(aq) 0.00 0.00 
pH  13.00 2.90 
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Table 5. The initial volume factions of composing mineral phases of the cement matrix (Brunet et al., 
2013). 
 Cement Matrix Brine 
Mineral phase 
composition 
(Vol. %) 
Portlandite  13.00 0.00 
Calcite  0.00 0.00 
C-S-H  72.00 0.00 
SiO2(am) 0.00 0.00 
Porosity (%)  15.00 100 
 
Table 6. Reactions within the aqueous phase resulted from exposure to CO2-bearing fluids (Brunet et al., 
2013). 
Aqueous phase reactions Log (Keq) 
H2O↔H++OH- -13.30 
CO2(aq)+H2O↔H++HCO3- -6.09 
HCO3-↔ H++ CO32- -9.62 
CaCO3(aq)↔ Ca2++CO32- -2.54 
CaCl+↔ Ca2++Cl- 0.60 
CaCl2(aq)↔Ca2++2Cl- 0.59 
CaHCO3+↔Ca2++HCO3- -1.11 
CaOH+↔Ca2++OH- -0.45 
NaCl(aq)↔Na++Cl- 0.73 
NaHCO3-(aq)↔Na++ HCO3- 0.024 
 
Table 7. Dissolution and precipitation reactions resulting from exposure to CO2-bearing fluids (Brunet 
et al., 2013). 
Reactions between the solid phase and the 
aqueous phase (precipitation and dissolution 
reactions) 
Log k (
𝒎𝒐𝒍
𝒎𝟐.𝒔
) Log (Keq) A (
𝒎𝟐
𝒈𝒓
) 𝜶 
Ca(OH)2(s)+2H+↔Ca2++2H2O -6.20 21.05 16.50 0.18 
C-S-H(s)+3.6H+↔1.8Ca2++7H2O+SiO2(am) -10.10 32.60 45.00 0.33 
CaCO3(s)↔Ca2++CO32- -6.10 -8.11 1.00 0.08 
SiO2(am)↔SiO2(aq) -10.00 -2.54 1.00 0.00 
 
 
 
Table 8. Diffusion coefficients of species within the aqueous phase at 323.15 𝐾 (Brunet et al., 2013; 
Zhang et al., 2013). 
Species D0 (10-5 
𝒄𝒎𝟐
𝒔
) 
H+ 1.59 
Ca2+ 1.36 
OH- 9.01 
Cl- 3.47 
HCO3- 2.02 
CO32- 1.63 
CO2(aq) 3.21 
SiO2(aq) 1.86 
Na+ 2.27 
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Other species 1.00 
 
The CrunchFlow code is based on the transition-state-theory to calculate the reaction rate 
for minerals. The included reactions corresponding to the minerals are assumed to be divided 
into two main groups, namely precipitation and dissolution reactions (Table 7). In fact, these 
two types of reaction affect the mineral volume fraction within the cement matrix. As a result, 
the porosity also changes based on Equation ( 65).  
These types of reactions are generally considered to be kinetically controlled. This means 
that they are relatively slow, and a reaction rate constant (𝑘) should be considered. The 
reactions within the aqueous phase are fast enough that they can be accounted for in Equation 
( 64) based on their equilibrium constants (𝐾𝑒𝑞), which implies that they are controlled by the 
thermodynamics (Table 6) of the system. Table 6 and Table 7 summarise the assumed reactions 
occurring within the cement matrix and the brine in the pores of the cement matrix, 
respectively. A0 is the specific surface area and 𝛼 shows the dependency of reactions within the 
cement matrix upon H+ activity.  
Table 8 shows the pure diffusion coefficient (D0) of the species within the pores of the 
cement matrix at 323.15 𝐾. However, these coefficients are modified within the CrunchFlow 
code in order to calculate the effective diffusion coefficients using the porosity and cementation 
factor, which is 4.8. The diffusion process is responsible for the movement of species within the 
cement pores. Generally, in the vicinity of abandoned wells, the diffusion process dominates 
due to the static equilibrium conditions (Brunet et al., 2016; Huerta et al., 2016; Huet et al., 2010; 
Shen et al., 2013), while an advection process is more likely to be responsible for the renewal of 
CO2-bearing fluids at the cement-brine interface in depleted oil and gas reservoirs 
(Abdoulghafour et al., 2016; Geloni et al., 2011; Huerta et al., 2016; Huet et al., 2010; Shen et al., 
2013). 
In this paper, it is assumed that in the vicinity of the abandoned wells the flow rate is 
negligible. Therefore, in this case, the static condition dominates the process and the advective 
phenomenon can be ignored. The porosity and the bulk volume of the cement matrix 
undergoes an alteration during its exposure to the CO2-bearing fluids. This alteration occurs 
due to the geochemical and geomechanical changes within the cement matrix. Table 4 and 
Table 5 show the initial concentrations of contributed components within the cement matrix 
and the aqueous phase within the pores of the cement matrix. 
 The boundary conditions include zero-flux at the cement-casing interface and Dirichlet 
boundary condition which dominates at the cement-formation interface. It is assumed that the 
surrounding formation has no effect on the brine composition and it contains an infinite 
volume of brine compared to the pore volume of the cement matrix. This assumption results 
in the constant composition of the brine at the cement-formation interface. In fact, the advection 
phenomenon performs perfectly at the cement-formation interface and continuously brings 
refreshed brine with the composition presented in Table 4 into contact with the cement matrix. 
Due to the low permeability of the cement matrix and zero-flux at the cement-casing interface, 
the diffusion phenomenon becomes the dominant process for the transport of the materials 
within the cement matrix. The initial composition of the mineral and aqueous phases are 
indicated in Table 4 and Table 5. Therefore, with time, the composition of the mineral and 
aqueous phases in the cement matrix alters, although the aqueous composition of the brine at 
the cement-formation interface remains unchanged. These conditions are included in 
CrunchFlow importing file. 
The porosity changes due to the chemical reactions and is updated at each time step as 
following: 
 ∅𝑟𝑔𝑒𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙
𝑡 = 1 − ∑ 𝑉𝑚𝑟
𝑡
𝑁𝑚
𝑚=1
, 
( 65) 
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𝑁𝑚 shows the number of mineral components which are present within the cement matrix, and 
𝑉𝑚𝑟
𝑡  shows the volume fraction of each mineral, 𝑚, at the radius, 𝑟, and time, 𝑡, although, it 
should be noted that this change is only due to chemical reactions. The porosity should be 
updated to account for the geomechanical alteration within the cement matrix. Therefore, one 
can calculate the final value of the porosity due to the geochemical and geomechanical changes 
as follows: 
 ∅𝑟
𝑡 = ∅𝑟𝑔𝑒𝑜𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙
𝑡 + ∆∅𝑟
𝑡
𝑔𝑒𝑜𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙
, ( 66) 
where ∅𝑟
𝑡  is the porosity at the radius, 𝑟, and the time, 𝑡. 
5 Verification of Methodology 
The penetration depth of CO2-bearing fluids into a cement matrix has been tracked for a 
period of one year by Kutchko et al. (2008). It was expected that the depth of the carbonation 
front follows Fick’s second law. However, the result of the experiment was different, and the 
trend was found to fit by using the Elovich equation as follows (McLintock, 1967): 
 
𝑑𝑥
𝑑𝑡
= 𝑎𝑒−𝑏𝑥. 
( 67) 
where, 𝑥 is the penetration depth, 𝑡 is the time, 𝑎 and 𝑏 are constants determined using the 
experiments. Nevertheless, this equation cannot be used to justify the trend that dominates the 
penetration depth within the cement matrix. The penetration depth is a function of the cement 
composition, the aqueous phase within the pore space, the stress state, and temperature.  
Therefore, it seems that the Elovich equation cannot be an appropriate candidate to capture the 
complex interactions that occur within the cement matrix due to the exposure to CO2–bearing 
fluids. It is deduced that the radial cracking phenomenon is more likely  to occur to simulate 
the dominant process, as the samples are surrounded by fluids and the confining stress is zero. 
Therefore, the radial cracking process is expected to occur more than the radial compaction 
one. 
Figure 8 shows the penetration depth of the portlandite dissolution front due to the invasion 
of CO2-bearing fluids into a cement matrix, as measured by Kutchko et al. (2008). In this 
simulation, the portlandite dissolution front is assumed to be a location in the r-direction where 
its volume fraction falls below 90% of its initial value. The portlandite dissolution front matches 
the experimental results after 60 days and the coefficient of determination (𝑅2) between 60 and 
365 days is 0.99.  
The penetration depth of the portlandite dissolution front is above and close to the calcite 
precipitation front prior to 90 days. It should be noted that in this simulation the calcite 
precipitation front is considered as a location in the r-direction where the volume fraction of 
calcite goes beyond 16%. With increasing time, from 90 to 365 days, the difference between the 
penetration depth of the calcite precipitation front and the portlandite dissolution front 
increases to about 0.1 mm. The reason can be found in the changes in the pH of the pore fluids 
within the cement matrix. The simulation calculates the pH penetration front as the location 
where the pH descends to below 95% of the pH value within the intact zone close the centre of 
the cement matrix. The value of the pH within the intact zone decreases from 13.00 to 12.74 
during the first 100 days. In fact, exposing the cement matrix to CO2-bearing fluids not only 
results in a large change in pH within the outer layers of the cement matrix, but also the inner 
layers are influenced by the CO2 attack. The dissolution of portlandite is a strong function of 
the degree of acidity. It dissolves in the acidic brine ahead of the other components within the 
cement matrix (Liaudat et al., 2018). The pH within the intact zone decreases from 12.74 to 11.87 
through 265 days, from day 100 to 365. Therefore, as Figure 8 shows, after 100 days the distance 
between the calcite precipitation front and the portlandite dissolution front increases. 
Simulations show that the calcite precipitation at the depth of 0.59 mm reduces the porosity to 
about 0.03. This phenomenon slows down the movement of the pH front, due to a decrease in 
the diffusion coefficient. The difference between the results of Kutchko et al. (2008) and the 
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penetration depth of the calcite precipitation and the portlandite dissolution may have been 
caused due to the sequential removing of the cement samples from a single high-pressure and 
temperature autoclave. Fluctuations in the vessel’s pressure could create microfractures on the 
surface of the cement samples which facilitates the penetration of CO2-bearing fluids into the 
inner parts of the cement matrix.  
 
Figure 8. Prediction of the penetration depth into the cement matrix at the temperature of 50 ℃ in a CO2-
saturated brine pressurized to 30.3 MPa; brine is a 1% NaCl solution. Portlandite and C-S-H are 
considered as the main composing components of the cement matrix with the volume percentages of 
13.5% and 75.2%, respectively, and a porosity of 11.3% prior to being exposed to CO2-bearing fluids. The 
penetration depth is defined by Kutchko et al. (2008) as the deepest point in the cement matrix which is 
affected by CO2-bearing fluids. Therefore, portlandite dissolution front is considered as the penetration 
depth. 
The carbonation depth as a bright zone with decreased porosity was also measured by 
Liteanu and Spiers (2011). They applied a confining pressure of 30 MPa, and fluid pressure of 
10 MPa on axially fractured cylindrical cement samples. The length and diameter of the cement 
samples were 17 mm and 35 mm, respectively. The fracture surfaces of water saturated samples 
were exposed to the supercritical CO2 at a temperature of 80 ℃. The important aspect of this 
study was applying the confining stress at a static condition similar to the real conditions found 
in underground formations rather than only considering batch systems. The static condition is 
valid prior to the creation of a continuous leakage pathway around or within the cement sheath. 
In this case, the advection phenomenon will also affect the leakage pathways depending on the 
residence time and the initial aperture size of the fracture (Brunet et al., 2016; Iyer et al., 2017). 
To simulate the ingress of carbonation front within the cement matrix, the perimeter of the 
assumed cylindrical cement is considered to be 35 mm. The pH of the pore fluid and CO2-
saturated brine were considered to be equal to 3.0 and 13.0, respectively.  
The predictions in Figure 8 and Figure 9 have been developed using the radial cracking 
process. There is no evidence reported relating to the compaction within the outer layers of the 
cement matrix close to the fracture surface (Liteanu and Spiers, 2011). Figure 9 shows the 
carbonation front penetration into the cement matrix which is shallower than the portlandite 
dissolution front similar to Figure 8. This occurs due to the high sensitivity of portlandite to pH 
change of the pore fluids. The simulation predicts the calcite precipitation front (or carbonation 
front in (Liteanu and Spiers, 2011)) precisely between 60 and 90 days, although, there is around 
0.6 mm difference between the experimental results and the simulation prediction after ten 
days. This could be a result of the early compaction of the softened and crushed layers on the 
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fracture walls due to the fluid pressure and confining stress following fracturing. With 
increasing duration, these layers dissolve into the CO2-bearing fluids which facilitate the 
diffusion of the fluids into the cement matrix.  
Overall, Figure 9 shows an approximation of the alteration of the cement in CO2-rich 
environments considering the fracture wall as the surface of a cylindrical cement matrix. 
Therefore, although only a fraction of the fracture surface will be exposed to CO2-bearing fluids, 
its impact on the penetration depth is not significant. This issue is important when the 
advection process contributes to the reactive transport. It is worth noting that the reaction rate 
constant of portlandite in this simulation is about one order of magnitude greater than in the 
experiments of Kutchko et al. (2008). The reason is based on the difference between the 
experiments’ temperature. Indeed, the impact of temperature on the geochemical reactions 
within the cement is more effective than that of pressure (Omosebi et al., 2015; Rice, 2005).  
To the authors’ knowledge there is a dearth of information pertaining to experiments 
employing the tri-axial stress state during the cement exposure to CO2-bearing fluids. 
Therefore, the validation of the radial compaction process needs further experiment. The 
cement undergoes alterations in the stress state from the time of it is set in underground 
formations. Moreover, it is pressurized by the surrounding rocks, which needs to be considered 
in any experiment. Generally, the method which is presented in this paper closely predicts the 
cement alteration, particularly during the longer time periods of the experiments when the 
effects of primary induced conditions seem to be reduced.  
 
Figure 9. Comparison of the carbonation front ingress into the cement matrix obtained from the 
experiment in (Liteanu and Spiers, 2011) with the predicted penetration depth. Porosity is 0.36, and the 
volume percentages of portlandite and C-S-H is assumed to be 15% and 49%, respectively. 
6 Results and Discussions 
Two processes, namely radial cracking and radial compaction, were assumed to govern 
the alternation in the cement during exposure to CO2 saturated brine. The lifespan of the 
cement affected by each of these two processes is predicted at different depths and under 
conditions found in underground formations. These investigations provide a framework 
illustrating the approximate failure time for a cement matrix in each of the dominant active 
processes after being exposed to CO2-bearing fluids.  
Determining whether the radial compaction process or radial cracking is the dominant 
actions depends on the underground conditions. The authors believe that the radial cracking 
process is active until the creep starts. In this period, and considering the normal underground 
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conditions, the cement is not significantly pressurized by its surrounding rock or fluids. With 
time, the radial compaction process becomes active due to either creeping or tectonic 
displacements. Therefore, the radial cracking seems to be active close to the inception of the 
process, which puts CCS projects at risk, while the activation of the radial compaction process 
at considerably further in time seems propitious though.  
6.1 Radial Cracking 
The cement sheath, which is cylinder-like, degrades radially with time due to the invasion 
of CO2-bearing fluids. The reactions in this zone can be classified as carbonation and 
degradation, respectively. The carbonation process increases the cement strength (Ashraf, 2016; 
Omosebi et al., 2017, 2016; Šavija and Luković, 2016; Urbonas et al., 2016; Wolterbeek et al., 
2016a), while degradation results in the weakening of the cement. The degraded cylindrical 
layers can be assumed to be similar to a sponge area surrounding the carbonated and the intact 
zones within the cement sheath such as Figure 4 (a). The probability of the radial cracking 
increases in conventional API oil well cements, although a low rate of carbonation was 
observed (Lesti et al., 2013).  
To model this process, it is assumed that the failure within the outer layers leads to the 
formation of radial cracks. These cracks provide direct pathways for the invading fluid to 
migrate to the interior zones (Figure 4 (a)). Therefore, considering a porosity of one for the 
cracked outer layers can be a reasonable assumption. Gradually, the interior zones will also be 
affected by invading fluids. The radial cracking process will continue until the entire cement 
matrix fails. This section investigates the effects of the depth and the radial thickness of the 
cement sheath on its durability. The radial stress (𝜎𝑅) on the outer face of the cement sheath 
from the surrounding rocks is assumed to change between zero to the horizontal in-situ stress 
calculated by Equation ( 1). The depth is considered to vary from 800 to 2500 m which is the 
common range for the CO2 storage projects (Herzog and Golomb, 2004; Rackley, 2017). In these 
simulations, the inside radius of the cement sheath is 88.9 mm (or a production casing with an 
outer and inner diameter of 7 and 6.366 inches, respectively). The ratio of the radial thickness 
of the cement sheath over its inside radius (t/r) changes from 0.06 to 2.22. For a borehole with 
an inner diameter of 9.10 inch, the value of t/r is 0.30. However, the borehole size is subject to 
change. In fact, the drilling operation affects the borehole walls; the precipitation of dislodged 
particles from the borehole walls reduces the borehole size. Meanwhile, the transfer of these 
particles can increase the borehole size at their initial places.  
Based on the Equation ( 1), at a depth of 2075 m, the radial stress is assumed to be equal 
to 33.24 MPa. This value of this stress is equal to the horizontal in-situ stress under the normal 
underground conditions. It is considered that the radial stress can change from zero to 33.24 
MPa depending on the surrounding environment adjacent to the well cement. The lifespan of 
the cement matrix at different ratios of t/r are shown in Figure 10, the radial stress in this figure 
is considered to be at 0%, 25%, 50%, 75%, and 100% of 33.24 MPa.  
Figure 10 shows that with increasing t/r ratio from 0.06 to 2.22 the cement lifespan 
increases between 15 and 76 fold at different values of 𝜎𝑅. Figure 10 is obtained from the 
extrapolation of curves in Figure 15 (referred to Appendix A.). The most stable state of the 
cement sheath occurs at 𝜎𝑅 of 8.31 MPa (or 𝜎𝑅 equal to 25% of the horizontal in-situ stress at the 
depth of 2075 m). At this 𝜎𝑅, and increasing the t/r from 0.06 to 2.22, the cement lifespan 
increases from 122 years to more than 9380 years. The cement, at 𝑎 𝜎𝑅 of 33.24 MPa, has the 
shortest lifespan compared to the lifespan of the cement at the other radial stresses, which 
increases from 53 to 1420 years as t/r is increased from 0.06 to 2.22. The lifespan of the cement 
sheath at a t/r of 0.3 is 158, 191, 150, 107 and 79 years at 𝜎𝑅 of 0, 8.31, 16.62, 24.93, and 33.24 MPa, 
respectively. If 𝜎𝑅 of zero is ignored in Figure 10, increasing the radial stress significantly 
reduces the lifespan of the cement sheath.  
At a constant depth, the fluid pressure also remains constant in these simulations, because 
it is defined as a hydrostatic pressure due to the column of the fluid at that depth. The CO2 
26 
 
concentration in brine is a function of the fluid pressure which generally increases with 
increasing the fluid pressure (Abbaszadeh and Shariatipour, 2018; Seyed M. Shariatipour et al., 
2016). Thermodynamic rules (Duan and Sun, 2003; Spycher et al., 2003) determine the CO2 
concentration in brine which is expected at a specific fluid pressure. It should be noted that, in 
solids and liquids,  chemical reactions are functions of the species concentration (Rice, 2005). 
This is based on negligible changes in the volume of solids and liquids with changes in the 
burden pressure. Therefore, after either the complete dissolution of CO2 in brine or surpassing 
the maximum concentration predicted by thermodynamic rules, the fluid pressure will have 
no more direct impact on the chemical reactions (Bagheri et al., 2019). In Figure 10, the fluid 
pressure and temperature are above the critical pressure and temperature of CO2, respectively, 
i.e., it completely dissolves in brine. The progress of chemical reactions is approximately equal 
at different 𝜎𝑅 in this figure, therefore, the stress state is considerably determinative of the 
cement lifespan. 
If a 𝜎𝑅 of zero is ignored, increasing the radial stress results in an increase in the effective 
stress. The layers which are adversely affected by CO2-bearing fluids will be susceptible to 
cracking. At a 𝜎𝑅 of zero, the cement matrix is only subjected to fluid pressure and 
consequently, other stresses are produced as a reaction to this pressure. 
The cement matrix, during early days after being exposed to CO2-bearing fluids, shows a 
gradual increase in the porosity value. This is due to the primary dissolution of CH at each 
point within the cement matrix. In fact, CH is highly sensitive to the pH. Figure 11 (a) shows a 
slight increase in the value of the porosity during the first 110 days after exposure to CO2-
bearing fluids. This trend is seen in deep areas of all cement sheath with different thicknesses. 
After 110 days, the porosity shows a smooth decrease which illustrates the impact of imposed 
stresses. 
At a t/r of 0.06 and 2.22, the porosity profile of a layer at a radial distance of 22.2 mm 
towards casing from the calcite precipitation zone is shown in Figure 11 (a) and (b), 
respectively. Figure 11 (a) simply shows that the porosity at 𝜎𝑅 of zero is lower than for the 
other radial stresses. This means that at low ratios of t/r and zero 𝜎𝑅 the cement matrix lasts a 
longer period of time. In Figure 11 (a), by ignoring zero 𝜎𝑅, the porosity value increases with 
increasing the radial stress. From this, it can be deduced that the lifespan of the cement matrix 
is shorter at higher radial stresses.  
In comparison to Figure 11 (a), Figure 11 (b) shows that the layer with the same distance 
from the calcite precipitation zone is more affected by CO2-bearing fluids, with around a 0.14 
increase in porosity. This reveals that at higher ratios of t/r the diffusion process brings an 
increased amount of carbon species coming in contact with inner parts. The higher porosity of 
the calcite precipitation zone at higher ratios of t/r allows deeper diffusion of carbon species in 
comparison to low ratios of t/r (Figure 12). Although at higher ratios of t/r a large zone shows 
a significant increase in the porosity, the thickness of this zone is not comparable to the whole 
radial thickness of the sheath. Moreover, at high ratios of t/r, deeper zone represents a porosity 
profile such as Figure 11 (a). If 𝜎𝑅 of zero is considered as an exception, with increasing t/r the 
lifespan of the cement sheath increases and the lifespan of the cement matrix is still shorter at 
higher radial stresses. 
In Figure 10, at 𝜎𝑅 of zero, the pore walls of the cement matrix are under fluid pressure 
without any imposed radial stress. In this case, they undergo an extensional regime. However, 
simulations show that the fluid pressure within the pores of the cement matrix results in the 
compressive stresses both in the 𝜃-direction and the z-direction. The stress in the r–direction is 
tensional where its magnitude is not comparable with the two other stresses. For a time period 
of 1810 days which is simulated in this paper, the minimum effective stress at the pore walls of 
the cement matrix does not fall below the tensile strength. Therefore, the Drucker-Prager 
criterion defined in this paper for the compressional regime is also used to illustrate the trend 
of the combined impact of stresses at 𝜎𝑅 of zero. Based on the low tensional strength of the 
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cement matrix (10-15% of its compressive strength (Arιoglu et al., 2006)), there is a high  
potential for tensile failure due to the fluid pressure. At 𝜎𝑅 of zero and low ratios of t/r, the 
average specific surface area of pores is not as large as at high ratios of t/r which can be 
understood from Figure 11. Therefore, at 𝜎𝑅 of zero and high ratios of t/r the average force 
which is acting on the pore walls of the cement matrix is high which leads to a shorter lifespan 
of the cement matrix in comparison to non-zero radial stresses. The fact is that the order of the 
cement lifespan which is seen in Figure 10 will remain the same at other initial values of the 
porosity for non-zero radial stresses. However, the relative position of the cement lifespan for 
𝜎𝑅 of zero will change depending on the initial porosity and the mineral composition of the 
cement matrix. 
 
Figure 10. The failure time of the cylindrical cement matrices at the depth of 2000 m vs. the radial 
cement thickness over its inside radius (t/r) at the different radial stresses (𝜎𝑅) while the radial cracking 
process is active. 
 
Figure 11. The porosity profile at a distance of 22.2 mm from the calcite precipitation zone towards 
casing, the radial cracking process is active, (a) at t/r of 0.06 and (b) at t/r of 2.22. 
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Figure 12. The porosity profile of calcite precipitation zone. The zone with the highest volume fraction 
of calcite is considered as the calcite precipitation zone, the radial cracking process is active, (a) at t/r of 
0.06 and (b) at t/r of 2.22. 
Decreasing the depth by 1700 m from 2500 to 800 m, leads to a five to six times increase in 
the cement lifespan, as shown in Figure 13. This figure is obtained from the extrapolation of 
curves in Figure 16 (referred to Appendix A.). As in Figure 10, it is also confirmed in Figure 13 
that increasing the ratio of t/r from 0.06 to 2.22 results in around 25 times increase in the cement 
lifespan. At shallower depths, the radial stress is lower compared to deep locations, therefore, 
the effective stress is not comparable with the compressive strength of the cement matrix. It 
implies that the cement matrix can endure being exposed to CO2-rich environments for longer 
periods of time. This can be advantageous because shallower depths can prevent the upward 
movement of CO2-bearing fluids after the primary leakage through deeper well cements. In 
fact, it can exponentially delay the CO2 leakage to the Earth’s surface, in a longer timeframe 
than that predicted in Figure 13. 
 
Figure 13. The failure time of the cylindrical cement matrices vs. the radial cement thickness over its inside 
radius (t/r) at the different depths while the radial carking process is active; the radial stress is calculated 
using Equation ( 1) at different depths. 
6.2 Radial Compaction 
At high radial stresses, the radial cracking process can be interpreted as the collection of 
dislodged particles surrounding the inner parts of the cement sheath. Although this zone is 
under radial stress from the surrounding rocks, the newly formed zone is similar to high 
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porosity clastic rocks. However, the probability of radial cracking is higher at low radial 
stresses. In fact, high radial stresses overcome the strength of the outmost layers of the cement 
sheath highly affected by CO2-bearing fluids. In this case, the radial stress compacts the outer 
degraded zones. In fact, these layers will no longer be strong enough to withstand the radial 
stress which results in their compaction (Figure 4 (b)) (Carroll et al., 2017). It can be shown that 
in this state the degraded layers are perpendicular to the radial stress (Figure 5). The Young’s 
modulus will be close to its lower limit in the radial direction based on the Reuss model (Liu et 
al., 2009; Zhu et al., 2015). Therefore, it is expected that the porosity value within these layers 
decreases to a fraction of its initial value. This process is simulated by considering a degree of 
reduction in the porosity when a layer fails based on Drucker-Prager criterion. The value of the 
porosity is considered to change from 100% to 5% of its initial value due to the compaction 
process. 
Figure 14 represents the alteration of the Drucker-Prager criterion (𝜂 ) which is defined in 
Equation ( 57) versus time. It can be observed that 𝜂 in both 𝜎𝑅 of 33.24 and 8.31 MPa does not 
show an increasing trend. It can be inferred that the cement sheath at a depth of 2075 m 
withstands the conditions found underground due to CO2 exposure for an indefinite length of 
time. In Figure 14, the porosity of the failed layers reduces from 0.1500 to 0.0375 due to the 
compaction process. Figure 14 is representative of trends seen in Figure 17 and Figure 18 
(referred to Appendix A.). It can be understood that the radial compaction process postpones 
the overall failure of the cement matrix to a great extent. Changing either the porosity of the 
compacted layers (PoC) or the radial stress do not shorten the lifespan of the cement matrix, 
except at 𝜎𝑅 of zero and t/r of 0.06. At 𝜎𝑅 of zero, it is no feasible to consider the compaction 
process as being an active process. Because the radial compaction process is based on 
considering that the radial stress leads to the compaction of the failed layers of the cement 
sheath. However, in neither of Figure 17 nor Figure 18, does the predicted lifespan of the 
cement matrix fall below 1822 years.  Generally, it can be concluded that the radial compaction 
process is advantageous to cement sheath durability. 
 
Figure 14. The profile of 𝜂 (the Drucker-Prager failure criterion) versus time (days), t/r shows the ratio of 
the radial thickness of the cement sheath over its inside radius, the depth is 2075 m, the porosity of 
compacted layers (PoC) is 0.0375. (a) The radial stress (𝜎𝑅) on the outside face of the cement sheath from 
the surrounding rock is 33.24 MPa; (b) the radial stress is 8.31 MPa. 
7 Conclusions 
This study provides a framework to predict the cement lifespan under the conditions 
found underground. It is important to predict the failure time of well cements, because of their 
consequent conversion to potential CO2 leakage pathways within a CCS concept. The CO2 
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leakage through the well cements compromises the time and expense invested in CCS projects 
and negates their value as viable long term sequestration locations.  
Abandoned oil and gas wells used for carbon capture are likely to be exposed to CO2 due 
to the migration of CO2 plumes from the injection wells. The brine as a ubiquitous component 
within the depleted oil and gas reservoirs reacts with the injected CO2 to produce carbonic acid. 
The exposure of well cements used in the borehole or for capping to this acidic environment 
leads to the calcium leaching from the cement matrix. This process leads to the carbonation and 
degradation of the cement which endangers its durability. The durability, in this paper, is 
assumed to be a function of its mechanical properties. In other words, one can predict the 
maximum lifespan of a cement matrix based on the degradation of its mechanical properties. 
In this paper, to predict the lifespan of a cement matrix, a geomechanical and a geochemical 
process have been coupled.  
In this paper, two processes are predicted to occur within a cement sheath under 
geosequestration conditions. Firstly, cement degradation weakens the integrity of the 
outermost layers within a cement sheath. These layers are prone to crack under the high 
overburden and low radial confining stresses. This phenomenon is referred to as the radial 
cracking process, which increases the vertical stress on the interior layers. In this case, the outer 
layers crack and act similar to a sponge with a porosity of one surrounding the interior zones. 
The other state occurs when the radial stress compacts the outmost layers. The compaction of 
these layers reduces the porosity which limits the diffusion of CO2-bearing fluids deeper into 
the cement matrix. Therefore, a reasonable result is to expect a longer lifespan for the cement 
sheath under the influence of this phenomenon which is referred to as the radial compaction 
process. These two phenomena are investigated here and the following represents the 
significant findings of this work: 
 Generally, increasing the radial thickness of the cement sheath from 6 to 222 mm 
around a casing with an outer radius of 88.90 mm (or an outer diameter of 7 
inches) can prolong the lifespan of the cement sheath by more than 15 fold when 
the radial cracking process is active. In the radial compaction process, the cement 
lifespan increases 25 fold with increasing the radial thickness of the cement 
sheath. It is worth noting that the failure time for a cement sheath with a radial 
thickness of 26.67 mm (t/r=0.30) and at a depth of 2075 m in the radial cracking 
process is 158, 191, 150, 107 and 79 years at radial stresses of 0, 8.31, 16.62, 24.93, 
and 33.24 MPa, respectively. The lifespan of the cement sheath at depths of 800, 
1225, 1650, 2075, and 2500 m is 293, 166, 112, 79, and 56 years, respectively, by 
considering a cement sheath with a radial thickness of 26.67 mm (t/r=0.30) and a 
maximum radial stress calculated at each depth using Equation ( 1). 
 Under the condition of maximum radial stress calculated at each depth using 
Equation ( 1), the radial compaction helps the cement matrices to keep their 
integrity for an unlimited time (at worst cases even more than 1822 years), while, 
the radial cracking process shows a decrease in the lifespan of the cement matrix 
with increasing depth.  
 When the radial cracking is active, every 425 m increase in the depth results in 
about a 39% decrease in the cement lifespan. In this case, the minimum time 
calculated for the cement failure corresponds to the depth of 2500 m, and the 
cement radial thickness of 6 mm which is about 37 years. In this case, it could 
delay CO2 leakage at shallower depths.  
 It can be observed that some of the abandoned wells during the last century which 
are exposed to CO2-bearing fluids are close to their failure point from a pessimistic 
viewpoint. With increasing depth, the cement sheath of abandoned wells will 
more readily face failure when the radial cracking process is active.  
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This simulation considers the cement sheath surrounded by the rocks and ignores the 
effect of geochemical reactions on the steel casing at its outside radius. Therefore, extra work 
will be needed to consider the interaction of invading fluids with the steel casing. Usually, in 
the presence of the cement matrix, steel casings are more susceptible to rust and produce a 
layer of scale which prevents further degradation and penetration into the wellbore. However, 
the simulations in this paper do not demonstrate the penetration to the inside radius of the 
cement sheath. Moreover, it is worth noting that failure within the cement structure does not 
necessarily mean CO2 leakage, as the failure products and dislodged surrounding rocks will 
probably partially fill in the gaps depending on the underground conditions which need 
further studies. 
The numerical method applied in this simulation uses a one-step iterative method to 
conjugate the geochemical and the geomechanical simulation processes. In order to increase 
the precision and reliability of the results, it is suggested that all the geochemical and 
geomechanical equations are solved in one step rather than using an iterative method such as 
in Figure 3. Larger time steps can be applied using the implicit solution method, meaning that 
the simulation can predict larger time frames. In addition, this method is more stable although 
computationally demanding. 
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Appendix A.  
Section A.1 investigates the radial cracking process and shows the alteration in the 
Drucker-Prager criterion of failure, 𝜂. Section A.2 discusses the compaction process and 
changes in 𝜂 with time when the porosity of the compacted layers reduces to a fraction of its 
initial value. The cement failure time is predicted by the extrapolation of the linear functions 
fitting over 1210 to 1810 days to 𝜂 of one in Figure 15 to Figure 18 at different ratios of t/r. Figure 
10 and Figure 13 are obtained based on the extrapolations of plots in Figure 15 and Figure 16, 
respectively. 
A.1 The Radial Cracking Process 
Figure 15 (a), as an example, illustrates that the Drucker-Prager failure criterion (𝜂) 
increases to below 0.09 for the whole sample over 1810 days at t/r of 0.06. The magnitude of the 
difference between 𝜂 and one is inversely related to the tendency of the cement failure. Once 𝜂 
of the whole cement matrix becomes greater or equal to one, the cement matrix fails. Figure 15 
(a) and (b) are indirectly illustrating the cement failure tendency and change in its shape, 
respectively, at 𝜎𝑅 of zero. In this case, geochemical and geomechanical changes generally 
result in the porosity increase although it is not still enough for the cement failure. It is expected 
that the cement failure occurs after a while before the radial cracking reaches the inner radius 
of the cement sheath. In this process, the radial cracking process aggravates cement 
degradation by reducing its compressive strength.  
An increase in the value of t/r decreases the slope of 𝜂 versus time during the final 800 
days of the simulation in Figure 15 (a), (c), (e), (g), and (i). This occurs because the CO2-bearing 
fluids have a greater effect on the low-thickness cement matrices than the thick ones. At low 
ratios of t/r, the penetration depth of CO2-bearing fluids is comparable with the radial thickness 
of the cement sheath.  
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Figure 15 (b), (d), (f), (h), and (j) illustrate a constant depth of penetration after the first 110 
days which occurs due to the carbonation. Carbonation decreases the porosity within the calcite 
precipitation zone leading to an increase in the overall compressive strength. The gradual 
diffusion of CO2-bearing fluids through this zone slowly depletes portlandite within the inner 
parts of the cement matrix. The depletion of the portlandite will be more uniform throughout 
the inner parts. In fact, the calcite precipitation zone acts similar to a barrier which prevents the 
ingress of sharp pH fronts into the inner parts. The portlandite dissolution increases the 
porosity and hence decreases the overall compressive strength. Clearly, this phenomenon is 
more effective on the low thickness cement sheaths as shown in Figure 15. The time in which 
the 𝜂 becomes greater than one is considered as the failure time which indicates the maximum 
lifespan under the inured conditions.  
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Figure 15. Change in the Drucker-Prager failure criterion (𝜂), and in the number of involved nodes within 
the simulation out of 600 nodes at the different ratios of the radial thickness of the cement sheath over its 
inside radius (t/r) versus time at different radial stresses (𝜎𝑅). (a) and (b) show the trends of 𝜂 and the 
number of uncracked or intact nodes at 𝜎𝑅 of 0, respectively; (c) and (d) show the trends of 𝜂 and the 
number of intact nodes at 𝜎𝑅  of 8.31 MPa, respectively; (e) and (f) show the trends of 𝜂 and the number 
of intact nodes at 𝜎𝑅  of 16.62 MPa, respectively; (g) and (h) show the trends of 𝜂 and the number of intact 
nodes at 𝜎𝑅  of 24.93 MPa, respectively; (i) and (j) show the trends of 𝜂 and the number of intact nodes at 
𝜎𝑅  of 33.24 MPa, respectively. Depth in all plots is 2075 m, and the radial cracking is the active process. 
 
Figure 16 shows the effect of depth on cement durability. With increasing depth, the 
curves of 𝜂 shift upwards in this figure. It can be observed that the depth of crack penetration 
is not affected by increasing in depth.  
The effect of carbonation is apparent in Figure 16 (b), (d), (f), (h), and (j) which shows a 
constant depth of penetration after the first 110 days. This phenomenon increases the cement 
strength in the early stages and stops the further movement of the pH front into the inner parts 
of the cement matrix. It is worth noting that the carbonated layer also degrades with time, 
therefore, the eventual reopening of this layer could be expected. However, this time period is 
far beyond the simulation time scale in this paper. In fact, this process is extremely slow due to 
the small difference between the rate of calcite precipitation and degradation. 
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Figure 16. Change in the Drucker-Prager failure criterion (𝜂), and change in the number of involved nodes 
within the simulation out of 600 nodes at the different ratios of the radial thickness of the cement sheath 
over its inside radius (t/r), and at different depths. (a) and (b) show the trends of 𝜂 and the number of 
uncracked or intact nodes at the depth of 800 m, respectively; (c) and (d) show the trends of 𝜂 and the 
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number of intact nodes at the depth of 1225 m, respectively; (e) and (f) show the trends of 𝜂 and the 
number of intact nodes at the depth of 1650 m, respectively; (g) and (h) show the trends of 𝜂 and the 
number of intact nodes at the depth of 2075 m, respectively; (i) and (j) show the trends of 𝜂 and the number 
of intact nodes at the depth of 2500 m, respectively. The radial stress, in all plots, is assumed to be equal 
to the in-situ horizontal stress obtained from Equation ( 1) at each depth. The radial cracking is the active 
process. 
A.2 The Radial Compaction Process 
The compaction process is investigated at different depths of a well and the porosity of 
the compacted layers (PoC) in Figure 17. In this figure, the ratio of the radial thickness over the 
inside radius (t/r) of the cement sheath is between 0.06 and 2.22, and the depth changes from 
800 to 2500 m. The zero slopes of 𝜂 curves vs. time represents that at depths from 800 to 2500 
m and under typical radial stresses (i.e., calculated based on Equation ( 1 ) for each depth) the 
cement failure is never expected to occur.  In fact, the radial compaction process will preserve 
the cement against being degraded aggressively by CO2-bearing fluids. Figure 17 illustrates the 
impact of the geomechanical changes within the cement matrix. The imposed effective stress 
decreases the overall porosity of the cement matrix. This alteration increases the Young’s 
modulus of layers and the overall compressive strength of the cement matrix. Therefore, the 
cement matrix is strengthened which reduces the failure tendency over a short period of time.  
The shortest failure time calculated in Figure 17 and Figure 18 is about 1822 years for t/r of 
0.06, 𝜎𝑅 of 24.93 MPa, PoC of 0.0750, and a depth of 2075 m in Figure 18 (r). Hence, under the 
normal underground conditions, the radial compaction process maintains the cement matrix 
on the safe side. 
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Figure 17. Change in 𝜂 at different depths and ratios of the radial cement thickness over its inside radius 
(t/r) when the radial compaction process is active. PoC is the porosity of the compacted layer which is 
constant through the columns of the figure. Depth is also constant in every row. 𝜎𝑅  is calculated using 
Equation ( 1) at each depth. 
In Figure 18, the radial stress changes from zero to the typical radial stress calculated using 
Equation ( 1) depending on stress conditions found underground. At depth of 2075 m, the 
typical radial pressure is 32.24 MPa. The effect of the radial stress on the radial compaction 
process is considerable, although, different PoCs illustrate a similar behaviour at constant 
values of 𝜎𝑅 as shown in rows of Figure 18.  
A comparison of Figure 16 with Figure 17 shows that under typical radial stresses the 
radial compaction process can help cement to maintain its integrity for an unlimited time (at 
worst cases more than 1822 years). The radial cracking process illustrates that the failure 
tendency of the cement matrix increases with depth. This could be propitious, as the increased 
durability of the cement matrices at shallower depths can exponentially delay the CO2 leakage 
to the Earth’s surface when the radial cracking is active. 
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Figure 18. Change in 𝜂 at different depths and ratios of the radial cement thickness over its inside radius 
(t/r) when the radial compaction process is active. PoC is the porosity of the compacted layer which is 
constant through the columns of the figure. 𝜎𝑅  is also constant in every row. Depth is 2075 m in all plots. 
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